Alkaline-based fuel cells have garnered renewed interest for low temperature, moderate-power applications since they are amenable to non-precious metal catalysts. We report a new and efficient synthesis route to produce an active and stable catalyst for the oxygen reduction reaction (ORR) in alkaline environments. The catalyst consists of manganese oxide (MnO x ) supported onto glassy carbon (GC) particles, which serve as a support material that is more resistant to heat and corrosion than conventional high surface area carbon supports. Impregnation of the MnO x onto the GC particles followed by high-temperature calcination generates a catalytically active Mn 3 O 4 surface with a nanostructured morphology. The MnO x -GC particles display high activity for the ORR in an alkaline electrolyte, comparable to that of best-known non-precious metal catalysts and within 0.15 V of a commercial Pt catalyst. Accelerated durability testing reveals excellent stability of the MnO x -GC catalyst, maintaining nearly 60% of its activity after 30,000 cyclic voltammograms. The catalyst was integrated into the cathode of an alkaline exchange membrane fuel cell (AEMFC) with Pt at the anode, achieving a peak power density of 98 mW/cm 2 at 70 • C, demonstrating the viability of the MnO x -GC catalyst in a device environment. The rapid increase in energy demand over the past several decades has brought about questions regarding the future role of conventional, fossil-based energy sources such as oil, coal, and natural gas.
The rapid increase in energy demand over the past several decades has brought about questions regarding the future role of conventional, fossil-based energy sources such as oil, coal, and natural gas. 1 Extensive research has been conducted to reduce our dependence on these non-renewable energy sources. One potential key energy conversion technology that has emerged is fuel cells, which are able to use fuels (e.g. H 2 , methanol, ethanol, etc.) directly to produce electricity. 2 The importance of developing fuel cells has been highlighted in the Fuel Cells Technologies Program developed by the U.S. Department of Energy's (U.S. DOE) Office of Energy Efficiency and Renewable Energy. 3 The most common form of fuel cell for transportation applications is the proton exchange membrane fuel cell (PEMFC), which uses a cation exchange membrane and runs in an acidic environment. 4 A major limiting factor in these fuel cells is the reaction at the cathode, the oxygen reduction reaction (ORR), where the use of active and somewhat stable precious metal catalysts is prevalent, e.g. Pt. 5 Although Pt and Pt-based ORR catalysts are the standard in the field, Pt is scarce and expensive, susceptible to CO poisoning, and ultimately degrades over time under the harsh conditions of PEMFC operation. 6 As these issues hinder widespread commercialization, there has been recent renewed interest in alkaline-based fuel cells which are amenable to non-precious metal catalysts since these materials generally show much greater activity and stability in base compared to acid. [6] [7] [8] [9] [10] [11] Many different non-noble metal and oxides such as Co, Ag, and Ni have been investigated as low cost alternatives to precious metals. [12] [13] [14] Manganese oxide (MnO x ) is another interesting catalyst material due to its low cost, electrochemical stability, and high oxygen reduction activity based on experimental observations and theoretical calculations. [15] [16] [17] [18] [19] [20] [21] [22] The observed catalytic activity of MnO x has been postulated in the literature to stem from the redox between Mn species which assist the charge transfer to adsorbed oxygen on the catalyst surface. 15, 17, 18 Recently, Gorlin et al. have synthesized a thin film of MnO x via anodic electrodeposition onto a glassy carbon (GC) disk substrate followed by calcination to generate a nanostructured morphology with a catalytically active Mn 2 O 3 phase for ORR. 23 The ORR activity of this thin film MnO x is similar or superior to that of the best MnO x catalysts reported in literature and is only slightly lower than that of Pt. 16, 18, 19 However, the synthesis procedure cannot be carried over directly in fabricating a standard membrane electrode assembly (MEA), as the high-temperature calcination step necessary to activate the MnO x catalyst generally degrades the carbon paper and high surface area carbon supports conventionally used in gas diffusion electrodes (GDEs), unlike the more stable GC disk.
To overcome these challenges, we have designed a new synthesis procedure to produce an active and stable MnO x material that is amenable to integrating with GDEs and fuel cell devices. MnO x is first supported onto GC particles via a classic impregnation technique. This is followed by a high-temperature calcination process that generates a nanostructured, MnO x catalyst (henceforth denoted as MnO x -GC particles) that is active and stable for the ORR. The high temperature calcination required in the synthesis procedure to achieve the appropriate catalytically active Mn(III) oxide phase necessitates a support that is heat tolerant. We have found that traditional high-surface area carbon supports for fuel cells such as carbon black degrade rapidly in the calcination environment needed. We thus turned our attention to a novel support (GC particles) which is appropriate for this application due to its greater stability at elevated temperatures and also its excellent electrochemical corrosion resistance, important for the alkaline environment. 24, 25 GC particles have low surface area and are typically not used as a catalyst support; however, the high-temperature calcination step during MnO x -GC synthesis causes partial oxidation of the GC particles and generates a desired textured surface with higher surface area. The simultaneous creation of a catalytically active MnO x phase and a nanostructured morphology on GC particles via this unique calcination step differentiates this synthesis procedure from standard impregnation techniques used to form MnO x particles. The MnO x -GC particles display comparable ORR activity with the nanostructured MnO x thin film that inspired its development. The MnO x -GC particles also show excellent stability, which is an attribute infrequently studied for MnO x catalysts and to our knowledge, never under such extreme conditions as those presented in this work. Importantly, the MnO x -GC particles can be easily loaded onto a carbon paper substrate via conventional techniques such as spraying or painting to form a GDE to be integrated in alkaline-based fuel cells.
Although different MnO x catalysts have been studied for the ORR in standard 3-electrode electrochemical cells, there have been very few literature reports of utilizing MnO x as a cathode catalyst in alkaline-based fuel cell devices, particularly those involving alkaline
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Journal of The Electrochemical Society, 161 (7) D3105-D3112 (2014) membranes. Basu and coworkers incorporated MnO 2 as the cathode catalyst in an alkaline fuel cell (AFC) and used sodium borohydride, methanol or ethanol as the fuel. 26, 27 However, the peak power density obtained was only ca. 20 mW/cm 2 . Also, their use of a flowing KOH electrolyte exacerbates the CO 2 poisoning issue that has been problematic for AFCs. 10 Current alkaline-based fuel cells are focused on replacing the electrolyte with an alkaline anion exchange membrane, which is the technology presented in this work. 28 Following up on our previous work in which we developed a precious-metal-free unitized regenerative fuel cell, herein we report an in-depth study of the MnO x -GC catalysts employed for the ORR, complete with physical, chemical, and electrochemical characterization, including its performance as a cathode catalyst when integrated into an alkaline anion exchange membrane fuel cell (AEMFC).
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Experimental
Synthesis of manganese oxide (MnO x ) on glassy carbon (GC) particles.-MnO x was deposited onto GC particles via an impregnation technique. In a typical synthesis, 0.296 g of manganous acetate (Aldrich, 99.99%) was dissolved in 20 mL of Millipore water to achieve a concentration of 0.06 moles/liter. 20 mg of GC particles (0.4 to 12 μm, Sigradur G HTW Hochtemperatur-Werkstoffe GmbH) were added to the resulting solution, which was then sonicated for 10 minutes. The mixture was washed with water via centrifugation (VWR Scientific GT-2), dried for 1 hour at 150
• C, and calcined at 480
• C in air for 14.5 hours (Mellen Company SC13).
Physical and chemical characterization of MnO x -GC particles.-Scanning electron microscopy (SEM, FEI XL30 Sirion) was used to observe the morphology of the MnO x -GC particles before and after calcination. The parameters used were 3 nm spot size and 5 kV beam current.
Crystallinity of the MnO x -GC particles was investigated using Xray diffraction (XRD, Phillips PANanalytical X'Pert Pro) with Cu Kα radiation (λ = 1.542 Å) and operated at 45 kV and 40 mA. Scans between 17 to 63 degrees were conducted, with the degrees per step and time per step set at 0.02 and 2 seconds respectively.
The oxidation state of manganese was first studied using X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe) with Al Kα 1486.6 eV radiation. Light sputtering was carried out on commercial manganese acetate and uncalcined MnO x -GC particle samples before measurement to remove the effects of surface oxidation. High resolution spectra of C-1s and Mn-2p peak regions were obtained for MnO x -GC particles before and after calcination and commercial manganese acetate (Sigma-Aldrich), and all spectra were calibrated to the line position of adventitious carbon at 284.5 eV. The acquisition region of C-1s and Mn-2p ranged from 278 eV to 310 eV and 632 eV to 672 eV respectively, while the general parameters used for spectrum acquisition were 23.5 eV pass energy, 0.1 eV energy step, 20 ms per step, and 80 scans.
Ex-situ X-ray absorption spectroscopy (XAS) was carried out to further investigate the oxidation state of manganese. Mn L-edge XAS measurements were carried out on beamline 10-1 at Stanford Synchrotron Radiation Lightsource (SSRL 2 and MnF 2 (Sigma-Aldrich). All of the spectra were obtained under ultra-high vacuum in total electron yield mode with an energy range of 610-690 eV. Energy calibration was performed by first correcting the spectra for beam energy drift and then shifting the spectra based on fixing the energy of the first peak of the Mn 3 O 4 powder standard to be 639.6 eV. 30 The spectra were then normalized by fitting a linear background subjected to 2 constraints, namely that all spectra had the same area from 636 eV to 660 eV and had the edge jump (between 660 eV to 665 eV) fixed to match that of the MnO 2 powder standard.
Electrochemical characterization of MnO x -GC particles.-Electrochemical characterization was carried out on the MnO x -GC particles to determine ORR activity. To prepare the catalyst for testing in a three-electrode setup, the following procedure was used: 2 mg of MnO x -GC particles were added to 0.25 mL of water and the resulting suspension was sonicated for 10 minutes. 15 uL of the suspension was then dropcasted onto a GC disk working electrode (5 mm diameter, Sigradur G HTW Hochtemperatur-Werkstoffe GmbH), followed by the addition of 20 μL of diluted cation-exchanged Nafion 117 solution (Sigma-Aldrich, 5%) which acts as a binder. Cation-exchange of the Nafion solution was necessary due to its acidic nature which may result in oxide dissolution, and was achieved by stirring a mixture of 2 mL of Nafion solution and 1 mL of 0.1 M sodium hydroxide (SigmaAldrich) for 2 days. 31 Dilution was then carried out by mixing 50 μL of the cation-exchanged Nafion with 0.2 mL of isopropanol (Fisher Scientific) and 0.3 mL of Millipore water. For baseline comparison, equivalent amounts of calcined, bare GC particles and uncalcined MnO x -GC particles were loaded onto separate GC disks.
A three-electrode setup, with a graphite rod counter electrode and saturated Ag/AgCl reference electrode, was used for electrochemical testing. The 0.1 M potassium hydroxide (KOH) electrolyte used was prepared by dissolving 5.61 g of KOH pellets (Sigma-Aldrich, 99.99%) in 1 L of Millipore water. Cyclic voltammetry (CV) was conducted at 5 mV/s unless otherwise stated and all scans were 100% IR-compensated. For the rotating disk electrode (RDE) measurements, the electrolyte was first saturated with nitrogen and the shaft was rotated at 1,600 rpm. The potential was cycled between 0.22 V and 1.1 V vs. RHE to remove surface contaminants. ORR activity was then determined by switching the gas flow to oxygen and scanning in the same potential range. The ORR current was obtained by subtracting the capacitance current from the total current measured. Multiple runs were conducted at different shaft rotation rates ranging from 400 to 2,500 rpm for Koutecky-Levich analysis. The potential scale was calibrated with respect to a reversible hydrogen electrode (RHE) and was conducted after each characterization using supported platinum nanoparticles (20 wt% Pt on Vulcan XC-72, E-TEK) as the working electrode in a hydrogen-saturated electrolyte. The reversible hydrogen potential (0.00 V versus RHE) was taken to be the potential at which the current crossed zero, and a value of 0.957 V was obtained for all calibrations. The RDE data was analyzed to obtain Koutecky-Levich and Tafel plots as described in the Supporting Information.
For the rotating ring disk electrode (RRDE) measurements, the catalyst-loaded disk was scanned between 0.22 V and 1.1 V at 5 mV/s vs. RHE while the Pt ring was held at 1.1 V vs. RHE in an O 2 -saturated 0.1 M KOH electrolyte. The ring collection efficiency for the system was determined to be 0.212 using the reversible [Fe(CN) 6 ] 4−/3− redox couple. 32 The number of electrons transferred during ORR was calculated using the RRDE data obtained (see Supporting Information for details).
The stability of the MnO x -GC particles was probed by accelerated durability testing via potential cycling in the RDE setup. The MnO x -GC particles were subjected to 30,000 triangular sweep cycles between 0.56 and 0.96 V vs. RHE at a scan rate of 50 mV/s. Regular 5 mV/s, 0.22 V to 1.1 V vs. RHE potential range scans were conducted at periodic intervals to ascertain ORR activity over time. The entire durability testing spanned a total of 135 hours.
Fabrication of membrane electrode assembly (MEA) and fuel cell testing.-MEAs were prepared via a conventional catalyst-coated substrate (CCS) technique. 5 Two different MEAs were synthesized in this study: (a) a Pt/MnO x -GC MEA that consisted of an anode containing 0.5 mg Pt /cm 2 of 46 wt% Pt/C (Tanaka Kikinzoku Kogyo) and a cathode with 3 mg cat. /cm 2 of MnO x -GC particles, and (b) a Pt/Pt MEA with 0.5 mg Pt /cm 2 on both sides to serve as a basis for comparison. For both MEAs, a commercial AEM (Fumapem FAA-3, Fumatech) was used. Pre-treatment of the membrane was necessary to convert it from the Br − to the OH − form, achieved by soaking it in a 0.5 M KOH solution for 5 days. GDEs were synthesized by first mixing an appropriate amount of catalyst and ionomer (Fumion FAA-3, Fumatech) to obtain a 5:2 weight ratio. The mixture was then added into a water:isopropanol (2:3 volume ratio) solvent followed by 5 minutes of sonication. The resulting solution was painted onto a carbon paper substrate (5 cm 2 , Sigracet 35BC, Ion Power) to form a GDE with the desired catalyst loading. The traditional hot-pressing step was not performed in order to mitigate membrane damage and CO 2 poisoning.
The performance of the MEAs was evaluated using a dual fuel cell test system (Fuel Cell Technologies, Inc.). Each MEA was loaded into a 5 cm 2 single cell assembly (Fuel Cell Technologies, Inc.), which consists of a pair of graphite blocks with serpentine flow channels and a pair of gold plated connectors for current collection. Fuel cell testing was conducted at a cell temperature of 70
• C, with H 2 and O 2 (99.999%, Praxair) gases flowing at 100% relative humidity and at either 100 sccm (for Pt/Pt MEA) or 200 sccm (for Pt/MnO x -GC MEA). Prior to actual testing, MEA conditioning was carried out by stepping the voltage from open circuit voltage to 0.30 V at 50 mV intervals and holding the cell for 15 seconds at each interval. This sequence was repeated until the current density stabilized. The polarization and power density curve for each MEA was obtained using the same voltage stepping sequence and noting the current density achieved at each voltage step.
Results and Discussion
Physical and chemical characterization.-SEM was used to investigate the morphology of the MnO x -GC particles upon calcination. Figures 1a and 1b represent particles before calcination, while Figures 1c and 1d represent particles after calcination. The calcination process clearly results in the creation of a textured morphology with nano-scale features, increasing the surface area of the catalyst and likely leading to surface structure changes in the MnO x that could potentially impact ORR catalysis. 23 The crystallinity of the MnO x -GC particles was investigated using XRD (Figure 2) . The peaks at 2θ = 32.9
• , 49. • was detected. 23 The difference in XRD results between the MnO x -GC particles and MnO x thin film prompted the use of XPS to further probe the chemical state of Mn on the catalyst surface. An XPS survey spectrum of the calcined MnO x -GC particles is shown in Figure S1 and clearly indicates that MnO x was successfully loaded onto the carbon support during impregnation and remained during calcination. Figure 3 shows high resolution XPS spectra (Mn-2p region) of MnO x -GC particles both before and after calcination as well as uncalcined commercial manganese acetate. It should be noted that the difference in binding energy between the Mn-2p 1/2 peak and its satellite peak provides for 10.3 eV Figure 3 . High resolution XPS spectra (Mn-2p region) of MnO x -GC particles after calcination (i) and before calcination (ii). A commercial manganese (II) acetate was used as a standard (iii). For all three samples, the difference in binding energy between the Mn-2p 1/2 peak and its satellite is shown.
a better metric for determining the Mn oxidation state compared to the absolute peak position of Mn-2p. 33 The binding energy difference for the uncalcined MnO x -GC particles (5.4 eV) is the same as that for commercial manganese (II) acetate which was used in the manganese precursor solution, indicating that the surface Mn remains in a 2+ oxidation state throughout the impregnation process. However, the Mn oxidation state shifts to a valence closer to 3+ after calcination as shown in the increase in binding energy difference (10.3 eV) observed for the calcined MnO x -GC particles.
While the XPS data reveals that the calcination process induces a significant chemical change to the MnO x catalyst surface, it is challenging to use XPS to precisely identify the average Mn oxidation number, e.g. to distinguish between pure Mn 2 O 3 or a mixed Mn(II/III) oxide, since the 2p 1/2 satellite is a short, broad peak. This is further compounded by the wide variety of XPS line positions reported in literature for Mn 2 O 3 and Mn 3 O 4 . 23, 33 In an attempt to more clearly elucidate the Mn oxidation state of the synthesized catalyst, we carried out XAS experiments at the Mn L-edge. Transition metal L-edge XAS has been established as a sensitive probe of the electronic structure, and via the crystal-field splitting and spin-orbit exchange terms, shows a rich variation across different symmetries and oxidation states. 34 This sensitivity is clearly observed for our measurements on Mn powder standards (see Figure 4) , which are in agreement with Mn standards found in literature. 30 The spectrum of the calcined MnO x -GC particles displayed in Figure 4 is almost identical to that of the Mn 3 O 4 powder standard, which reveals that Mn mainly exists as Mn 3 O 4 on the catalyst surface. Recall, however, that XRD showed strong reflections consistent with Mn 2 O 3 in addition to those for Mn 3 O 4 ( Figure 2 ). This apparent discrepancy between the Mn oxidation state obtained from XRD and XAS could potentially be explained by the difference in surface sensitivity of the two methods: XRD primarily probes the bulk of the material (probe depth of microns) while the XAS spectra we collected from emitted electrons is very surface sensitive (several nanometers). We also note that a particle size effect may be present, whereby the size of the metal oxide particles affects their phase. The expected phase of bulk MnO x after calcination at 480
• C is Mn 2 O 3 ; however, smaller MnO x particles might prefer to form the Mn 3 O 4 phase due to a lower surface energy at small dimensions. 18, 33, 35, 36 As the MnO x -GC particles exhibit a wide range of sizes, both Mn 3 O 4 and Mn 2 O 3 particles could exist, with the larger particles dominating the XRD signal while for XAS, the smaller particles can still contribute due to their higher surface area to volume ratio. this hypothesis. Thus both the nature of the measurement techniques and the morphology of the catalyst play a role in the phases identified.
ORR activity.-The ORR activity of the MnO x -GC particles was investigated using a RDE setup in a three-electrode cell. The results are shown in Figure 5a . A potential window of 0.22 V to 1.1 V vs. RHE was chosen to fully capture both the kinetic and diffusion limited regions. Without calcination, the MnO x -GC particles display only slightly higher ORR activity than the calcined, bare GC particle support; however, upon calcination, the MnO x -GC particles' ORR activity is significantly enhanced. This phenomenon could be attributed to several likely possibilities, for instance the transformation to an active Mn 3 O 4 phase or the formation of a nanostructured morphology which results in higher surface area, increasing the number of active sites for the ORR. Both effects could also be operating simultaneously. Cyclic voltammograms performed in a N 2 -saturated electrolyte ( Figure S2 ) confirmed that the reduction current observed is due to oxygen reduction rather than redox reactions. The measured activity of the calcined MnO x -GC particles is within 0.15 V of Pt, 23 and compares very well with the best-known alkaline non-precious catalysts in literature, including other manganese oxides, 16 [45] [46] [47] [48] perovskites, 49 phthalocyanines, 50 and nitrogen or sulfur doped carbon materials. [51] [52] [53] [54] [55] [56] [57] We note that further improvement in activity of the MnO x -GC particles could potentially be achieved by optimizing pretreatments of the GC particles. There have been literature reports that the ORR activity of catalysts supported on carbon black can be improved by pre-treating the carbon black supports, either chemically or via high-temperature calcination. 58 Thus, we explored calcination of the as-received GC particles at 480
• C prior to MnO x impregnation to potentially increase the surface area and to modify the surface chemical properties. As the MnO x -GC particles with and without the pretreatment exhibited similar ORR activities (data not shown), we found no immediate advantage of incorporating the pretreatment step into the synthesis procedure; future optimization, however, could be fruitful in this regard.
In order to study mechanistic aspects of the ORR on the MnO x -GC particles, cyclic voltammograms were measured at different rotation speeds and were used to construct Koutecky-Levich plots as shown in Figures 5b and S3 . The potentials used for the plots ranged from 0.50 V to 0.70 V at 0.05 V intervals, and the number of electrons transferred in ORR (n) for the MnO x -GC particles was determined to range from 3.4 to 3.6 depending on the potential (see Table S1 ). Also, RRDE measurements shown in Figure 5c were performed to determine the amount of hydrogen peroxide produced during the ORR. Subsequent analysis of these measurements revealed that the value of n from ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 171.64.126. 41 Downloaded on 2016-11-02 to IP these measurements also ranges from 3.3 to 3.6, in agreement with the results from the Koutecky-Levich plots (see Table S1 ). The Tafel plot shown in Figure 5d reveals two Tafel regions with slopes of 61 and 118 mV/decade at low and high overpotentials respectively. Both parameters are in agreement with previous studies of MnO x catalysts, where it has been suggested that the ORR could proceed via a serial 2 + 2 electron reaction pathway which starts by producing peroxide (2 electrons) that can then either continue to be reduced to OH − (2 more electrons) or chemically disproportionate back to O 2 , starting the process again. 18, 19, 22 It has also been suggested that catalytic sites on both the MnO x and the carbon support could play roles in this pathway. 17 Further work will be necessary to establish mechanistic pathways more conclusively; the major focus of the study herein is on the development of an active and stable non-precious metal ORR catalyst amenable to fuel cell devices. We refer the reader to the supporting information for a continued discussion of mechanistic aspects of this catalyst system. ORR stability.-Catalyst stability is another key technological barrier to fuel cell commercialization. Fuel cells in practice are subjected to a wide range of operating temperatures, humidities and potentials, all of which can quickly degrade the catalysts used.
2 This is especially true for fuel cells geared toward automotive purposes, which undergo rapid changes in operating conditions that can exacerbate the degradation process. 28 The current durability target for automotive fuel cells is 5,000 hours to compete with modern automotive engines, while that for stationary fuel cells is 40,000 hours to compete with other distributed power generation systems. 3 However, few MnO x catalysts have been studied for their stability, and those that have been studied were not particularly stable under long-term ORR testing, which would impede their use in fuel cells. 20, 59, 60 Accelerated durability testing was carried out on the MnO x -GC particles via potential cycling, which has been widely used to expedite catalyst and electrode degradation. 61 The MnO x -GC particles were subjected to 30,000 cyclic voltammograms between 0.56 and 0.96 V vs. RHE at 50 mV/s, spanning 135 hours. The potential range selected encompasses the transport-limited region, the kinetics-limited region, and also the open circuit potential, hence capturing typical operating voltages of a fuel cell in practice. This testing condition mirrors that proposed by the U.S. DOE for electrocatalysts in a working PEMFC device. 62 The stability of MnO x -GC particles is presented in Figure 5e , which shows the fraction of initial current at 0.75 V vs. RHE as a function of cycle number. The potential chosen is close to the half wave potential between full kinetic and full diffusion control. The MnO x -GC particles display excellent stability in the alkaline electrolyte, maintaining nearly 60% of their activity after this extremely demanding durability test. This is equivalent to a 21 mV shift in potential as shown in Figure 5f , and this meets the current U.S. DOE fuel cell target of losses < 30 mV after stress testing, established for PEMFCs. 62 Also, we point out that the activity of the MnO x -GC particles stabilizes after 6,000 cycles. The stability observed for the MnO x -GC particles under accelerated durability testing is better than that of MnO x catalysts found in the literature, which were tested under conditions less harsh than those employed in this study. 20, 59, 60 The superior stability of the MnO x -GC particles may be partly attributed to the high corrosion resistance of glassy carbon.
While the MnO x -GC particle catalyst maintained significant activity over the course of rigorous durability testing, the observed decrease in activity is not negligible. Solubility of the MnO x catalyst in the alkaline electrolyte is one plausible explanation for the losses in activity observed. The potential range used for durability testing can result in the oxidation of MnO 2 to MnO 4 − and its subsequent dissolution as suggested by the MnO x Pourbaix diagram. 63 Dissolved Mn ions can either remain in solution, resulting in active material loss, or redeposit on another MnO x particle, leading to Ostwald ripening and eventual loss in specific area. 59 Another possible explanation is the physical and chemical corrosion of the carbon support which results in structural collapse and catalyst detachment. However, such effects are expected at much higher potentials than those employed in our accelerated durability testing, e.g. due to start-up and shut-down conditions. 64 Fuel cell performance.-In order to examine the performance of the MnO x -GC particles within the setting of a functioning device, we incorporated the material into an AEMFC as the cathode catalyst. GDE synthesis was carried out by the deposition of the MnO x -GC particles onto carbon paper. Testing the GDE in a 3-electrode electrochemical cell, Figure S4 (see Supporting Information), revealed that the GDE was successfully synthesized as it demonstrated high ORR activity. The MEA was then synthesized using the CCS technique, whereby the GDEs (MnO x -GC particles at the cathode, Pt/C particles at the anode) were pressed onto either side of a commercial AEM.
Representative polarization and power density curves of this MnO x /Pt AEMFC are shown in Figure 6 . A peak power density of 98 mW/cm 2 was obtained at 70 • C, showing that the MnO x -GC particles were successfully employed as a cathode catalyst in an AEMFC device. This peak power density compares favorably to peak power density values reported for other semi-precious AEMFCs (non-precious cathode catalyst, Pt anode catalyst), with values ranging from 10 to 80 mW/cm 2 depending on variations in the cathode catalyst, membrane, synthesis procedure, and testing conditions employed. 14, 47, 65, 66 Another interesting comparison to note is versus a fully precious-metal AEMFC, employing Pt at both the anode and the cathode. To this end, we fabricated and tested a Pt/Pt AEMFC, which achieved 187 mW/cm 2 peak power density, a value commensurate with state-of-the-art AEMFCs reported in the literature. [65] [66] [67] The higher performance of the Pt/Pt AEMFC is not surprising as Pt is intrinsically a better ORR catalyst than the MnO x -GC particles, as shown earlier in Figure 5a . However, the performance of the MnO x /Pt AEMFC is quite close to that of the Pt/Pt AEMFC, within only a factor of two, and clearly the catalyst cost for the MnO x /Pt AEMFC would be significantly less as it requires only half the content of precious metal. Reducing or eliminating precious metals is an important criterion for both cost and scalability of energy technologies. 68 It should be noted that the synthesis procedure for the MnO x /Pt AEMFC studied herein has not yet been optimized and that continued modifications will likely lead to even higher performance. For example, alternative MEA synthesis techniques could yield improved performance. Others have shown that a decrease in charge transfer resistance could be achieved by using other MEA fabrication methods such as the catalyst coated membrane by direct spray (CCM-DS) method or the decal transfer (CCM-DT) method. 69 Employing a different AEM might also allow for improved performance, as newer membrane materials currently under development are aiming to achieve higher hydroxyl conductivity. 28 The commercial AEM used in this study, which exhibits a hydroxyl conductivity of 50 There is further room for improvement in the optimization of the ionomer-to-catalyst ratio in order to strike the appropriate balance between ion conduction and mass transfer. These are areas currently under investigation to improve device performance.
Conclusions
MnO x materials were synthesized onto GC particle supports to produce an active and stable catalyst for the ORR in alkaline media. Importantly, the GC particles allowed for high temperature catalyst calcination to form the active catalyst phase, a nanostructured Mn 3 O 4 , as revealed by SEM, XRD, XPS, and XAS. The MnO x -GC particles constitute a promising candidate as a non-precious metal cathode catalyst for alkaline-based fuel cells, as shown by examining the MnO x -GC particles in a device environment. These catalysts were successfully incorporated in an AEMFC as the cathode catalyst. This cathode in combination with a Pt as the anode catalyst resulted in a MnO x /Pt AEMFC that achieved a peak power density of 98 mW/cm 2 at 70 • C. This work opens up new avenues for developing active and stable catalysts for alkaline-based fuel cells, having developed a new type of catalyst-support system. Fundamental studies provide insight into key features of the catalyst including its morphology and phase, while technological developments demonstrate the catalyst's functionality by integrating it into a working device. These approaches are likely applicable to other non-precious metal catalysts where accessing the appropriate catalyst phase and structure can yield high performance for the ORR or other electrochemical reactions of interest.
